Making better decisions, which take into account uncertainty in all the components of an exploration and production (E&P) asset's value chain, continues to be a significant challenge 
Numerous underlying uncertainties are included. The process leads to an understanding of the important sensitivities and of how uncertainties drive overall evaluation of value of the asset.
Decision framework
We organize the planning problem into a framework we refer to as a 'decision view', which has the following components: 1) objective, 2) state parameters, 3) decision variables, and 4) constraints. The framework also includes cases and rules.
An objective is the statement of the goal. It can be production related such as, maximize recovery or meet a pipeline capacity for as long as possible. cases. We next describe a system that integrates across the E&P value chain and allows high fidelity to rigor in each of the chain's components. With this system, professionals can work together, that is across disciplines, and yet preserve rigor within each discipline. The team is able to preserve and share interdependent uncertainties and thus yield evaluations of alternatives that better assess uncertainty and potential risk to achieving business objectives ( Figure 1b) . Next, we present an application of the system in an early phase reservoir project planning exercise. The challenge of delivering a development plan is part of the process of sanctioning. Often an asset team is challenged to deliver to their management, within a very short time, development plans, along with accompanying technical and economic risks. The planning exercise involves scenario and Monte Carlo evaluation of several well and facility plan alternatives for an offshore reservoir unit. Ideally the team would like to optimize decision choices such that a business objective such as net present value (NPV) accounts for uncertainty rigorously. In this exercise, we are somewhat less ambitious. The purpose of the exercise is a Phase I study to evaluate risks to production and NPV for a set of project decision choices and to understand the major sensitivities. domain ( Figure 1a) . The geophysicist and geologist generate their best estimates of underlying earth models. Individual well locations are 'optimized'. The reservoir engineer then spends weeks to months running case studies on high-resolution models in order to 'optimize' well management and development schedule alternatives. The drilling and facilities engineers use the fine-tuned production profiles to 'optimize' process designs. The planner runs a few case studies or possibly a Monte Carlo economics analysis. Each discipline is in effect handing off constraints on the next discipline. Full correlation of uncertainties or interdependencies between disciplines is often not included because the analysis tools do not reveal them or provide for their integration. The resulting asset economic model is optimistic in absolute value and in the risk revealed (Figure 1a ). , a system for decision tree scenario and Monte Carlo used in conjunction with utility function analysis. They use 'fast' models, which are simplified response functions or surrogate models, or probability density functions pre-computed for parameters such as oil in place, productivity, and recovery factor. Begg et al. 4 introduced the Stochastic Integrated Asset Model (SIAM) in order to trade off technical rigor for the ability to handle all facets of the E&P value chain, their interrelationships and the impact of uncertainties (a 'holistic' system). The SIAM integrates simplified models for fast scenario, Monte Carlo and value-ofinformation analyses. Gorell and Bassett 6 used a full-physics simulator as the engine for scenario and Monte Carlo analysis. They introduced the concept of 'scalability', that is, scaling to a model resolution for the problem at hand. Their approach preserves more physics in the production profiles than the simplified models. They generated multivariate regression surrogates for the production from the flow simulation results and used the regression models for Monte Carlo economics.
In this paper, we first present a framework for decision variables, scenarios, and and perforations, schedules, constraints, parameter values, and then executes a flow simulator and an economic module. Components can be selected or deselected via the rules. Thus, the system is flexible and allows the use of different types of components to suit the purpose at hand. For example, alternative full physics flow simulators or simple material balance based methods can be interchangeably used. For the exercise presented in this paper, a simple discounted cash flow model in an Excel spreadsheet was used as the economics module. Other economic modules could replace this easily.
Example planning exercise
Background. The example development planning analysis presented in this paper is a synthetic exercise. The data is based on an offshore field, covering about 30 square miles, with 3D seismic and several nonproducing appraisal wells with petrophysical log suites. The example is developed on a single reservoir horizon at about 5000 feet subsea depth. The exercise assumes that the 3D seismic data have been previously converted to depth and several attribute volumes, including amplitude, have been computed. A conventional interpretation analysis of the seismic and the petrophyscial logs identified faults and horizon surfaces. Figure 2 shows Monte Carlo and scenario selection to generate production and economic profiles that span the choices for the scenarios and the uncertainties. Correlated uncertainties are included in the analyses 'by construction' in this system because of the full integration across the value chain.
The system provides for access to fully rigorous geologic models (through several data formats including Rescue and Gocad), flow simulation, well planning, well perforation, well production scheduling, tubing and surface networks, and economics. It allows for the rigor of any component to be at a level that is appropriate to the problem being addressed, after the concept of scalability (Gorell and Bassett 6 ).
A Monte Carlo execution consists of a sequence of iterations. For each iteration, a set of random numbers is generated, and then utilizing the random numbers, parameter quantile values are selected from their probability density functions. Dependencies between individual parameters are handled through correlation coefficients. Scenarios can have associated probabilities or weights, or they might be equiprobable, such as geocellular property geostatistical realizations. The system automatically assembles the selected geocellular model, well plans facilities, production policy, etc. District alternative choices are also referred to as scenarios. Constraints are boundary conditions, which restrict values available for the decision variables. For example, the number of wells can be constrained by the slots available.
A case is the set of state parameter scenarios, decision scenarios, continuous state parameters, and constraints to be included in an evaluation. Rules are a means to systematically reduce the parameter evaluation space. They are restrictions on the ranges of the uncertain parameters or decision alternatives to be considered within a case.
This framework is analogous to others in the literature.
3,4,7 Floris and Peersman 2, 3 refer to state parameters as 'events' and controllable scenarios as 'options'. They build full scenario trees, which is similar to a 'case' in this work. They propose sometimes evaluating only parts of the tree to reduce the parameter space, which is similar to use of 'rules' to build a case in this work. Table 1 lists the uncertainties and decision choices that will be discussed later in the planning exercise. They span the value chain for many E&P projects.
Their impact on the objective should be fully understood, as better decisions can be made to attain the objective, if the impact of the different uncertainties is fully understood.
Case and scenario management system
This section presents a brief description of the case and scenario management system. In summary, the system is an integrator and assembler: (1) the system automatically assembles cases, that is a scenario tree, which meets the criteria laid out by the rules; (2) assembles inputs to specialized components, such as the flow simulator and economic module; (3) executes the evaluations, which include well and facility scheduling, flow simulation, and economics; and (4) stores the relations between the parameter and scenario inputs and the outputs. The system executes multiple runs using Table 1 .
Uncertainties and decision variables in this study
Note: Minimum, maximum and the most likely values for continuous parameters and probability associated with scenarios for discrete parameters are listed in probability density function column.
how many wells to drill, when to drill them, where to drill them, how big should the processing facility be, should wells be recompleted etc. Though the controllable and uncontrollable factors are included in the same Monte Carlo study (table 1) , one needs to be aware of the difference between the two.
Different scenarios around well placement and scheduling are considered. A sophisticated tool was used for picking multiple well targets and platform locations, and well paths, perforation zones, drilling times and costs were calculated. The tool allows models of different resolutions to be used for picking targets. The calculated well plans can be automatically used with models of any resolution in flow simulations. In this exercise, fine resolution models were used to generate the well plans. The tool is able to generate multiple scenarios very quickly using given target objectives, assumptions about the effective drainage volume, and constraints on geometries. Those assumptions, along with scenarios on model. Uncertainties in the fluid contacts, extent to which faults are sealing, permeability and relative permeability were also included as sources of reservoir energy. The two PVT tables, PVT1 and PVT2 that were included reflect the uncertainty around oil density and gas in solution. Two sets of relative permeability and capillary pressure tables (Relperm1 and Relperm2) were included to model uncertainties in Corey exponents and residual saturations. Uncertainties in the wells and facilities and pipes, such as productivity indices and pipe roughness, were also considered. Above-ground uncertainties in drilling and completion scheduling, such as rig availability, capital costs, and inflation were also considered. No uncertainty was modeled in fiscal terms or product prices.
Controllable factors in the development of the asset include decisions about scheduling and placement of wells and the depletion strategy. The controllable factors impact the investment profile, choices about these come at a cost, e.g.
l
Landmark Technical Review 24 a 3D view of a block of the seismic amplitude volume with three of the logged wells, the horizon interpretations, and the three major faults. The best estimates for the fluid contacts from the log suites are 5350 feet subsea for the water-oil contact and 4900 feet subsea for the gas-oil contact. Porosity and permeability at the wells have also been interpreted from the log suites. There has been no production from the reservoir horizon. It is assumed that there is production nearby, so that new production could take advantage of existing export pipelines.
The objectives of this planning exercise are to evaluate the range of Net Present Value (NPV) as a consequence of the underlying state parameter uncertainties for each of many possible development choices (decision variables) and to better understand important parameter sensitivities.
Data and Scenarios. Table 1 summarizes all the data and scenarios to be investigated in this exercise. This section describes these in greater detail.
Scenarios around the faulting, the degree of correlation with seismic for porosity, the sedimentary correlation length and anisotropy were considered to be the major uncertainties in the subsurface geological model. Figure 3 shows a fault scenario with the assumption that many small faults might ultimately control fluid flow (the value "Faulting1" in table 1). A second fault scenario (the value "Faulting2" in table 1) had the assumption that only the three major faults would impact the flow. Figure 2 shows this second scenario on one of the geocellular porosity property realizations. Two variogram scenarios with a 'short' and a 'long' correlation length and different anisotropy were assumed to recognize uncertainty in the depositional understanding. Multiple porosity realizations were generated using collocated Gaussian simulation correlated with the seismic (values "Realization1", "Realization2", "Realization3" in table 1). Permeability was generated as a transform of porosity with a correlation coefficient.
Uncertainties in the fluid PVT, fluid contacts, PVT, net to gross volumes and porosity affect the fluid volumes in the The total production from the field cannot exceed the processing capacity. Individual wells also have production, gas liquid ratio, pressure drawdown, and tubing head constraints that have to be honored. The injection rates were dynamically controlled based on a voidage replacement criterion.
The well placement and scheduling are related to the depletion strategy. Together with the subsurface state variables they determine the production profile. Investment profiles depend on the on the well location scenario and the drilling and injection schedules. Ultimate production and economic outcomes depend on all the factors working in concert.
Results and Analysis
For the planning exercise, a Monte Carlo simulation with 480 iterations and a set of sensitivity runs with 39 iterations, both with fairly coarse resolution grids, and two runs on models with high-resolution grids were executed (table 2) . A one factor at a time experimental design was used to generate the sensitivity runs. In Producers were turned "on" as soon as they had been drilled and completed. Depending on the drilling schedule, all the wells could be producing either by the end of the third year or by the end of the first year. The need for injection and the timing of injection were analyzed. If there was injection, the injectors brought online either a) immediately after they were drilled and completed or b) brought online together at after a delay of six or eight years from the start of the project. The case of no injection also was considered. Water and gas injection wells were both considered in the same fashion. Compression cost for gas injection was also included in the investment profile.
Another decision variable was the surface processing capacity for the entire field. The two scenarios considered are surface processing capacities of 45000 barrels per day and 35000 barrels per day of oil; each choice had a different cost. The investment profile for each scenario combination was calculated based on the well planning scenario, the well drilling scenario, the injection scenario and the processing capacity scenario.
secondary recovery lead to three distinct scenarios for candidate wells and surface facility placement: (1) Primary drainage only using two well platforms (figure 4a).
(2) Limited gas injection and some water injection with gas injection well targets placed in the gas cap at the top of the structure and water injection well targets placed in the aquifer, deeper in the reservoir and along the edges of the oil zone. Wells were drilled from two platforms (figure 4b). (3) Stronger gas injection and water injection with more injection wells, but only one platform was used along with four subsea templates (figure 4c). Some slots were left unused in the platforms and templates in all three scenarios.
Each well and facility scenario has a drilling, completion, and production schedule and the associated investment profile. Two scenarios were considered in the scheduling, the first scenario assumed limited rig availability and consequently wells were drilled sequentially (the choice "sequential" in table 1). Each facility (template or platform) was installed sequentially and wells in that facility were drilled sequentially. If any injection wells were present in the facility, they were drilled after all the production wells in that facility were drilled and completed. In this scenario, all wells were online by the end of the third year. In the second scenario, multiple rig availability was assumed and wells were drilled simultaneously. The surface facilities (platforms and templates) were also installed simultaneously in this case. This meant that all the wells were drilled, completed and brought online by the end of the first year (the choice "all" in table 1). Drilling times from the well planning tool were used to generate drilling and completion schedules. The schedule calculation also assumed a period of time for the construction and installation of facilities. The choices around the scheduling affect both the investment and production profiles. The scheduling algorithm can provide for the individual schedule components like drilling times or completion times for each well, drilling order dependencies etc to be modeled as uncertain variables. However in this exercise, only the distinct scenarios were used.
Production scheduling was another related decision variable that was considered.
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Model resolution and CPU usage one iteration of the sensitivity runs, all the parameters were at their expected (base-case) values. In each of the remaining 38 iterations, one parameter's value alone was changed from the base case level to its high or low value. In the two fine resolution iterations only the surface processing capacity was varied, the rest of the parameters were at the base case level. In both the fine resolution and the sensitivity runs, well planning scenario 2 was used.
The project duration was 15 years; some wells were shut in sooner depending on the individual well constraints. NPV and discounted cash flows were calculated in all the iterations. The VIP black oil reservoir simulator was used as the production profile engine 8 . A Dell Precision 530 workstation with two 1.6 GHz Intel Pentium 4 processors, 1 GB RAM was used to run the simulations. The analyses consisted primarily of evaluation of sensitivities from multiattribute, multiparameter plots.
The NPV and recovery from the Monte Carlo simulations varied considerably (figure 5). From figure 5 , the well and facility configuration choice is critical. The first and second well planning scenarios have better NPV distributions than the third scenario. Oil production rates also trend similarly (figure 6). Looking closer at just well planning scenarios 1 and 2 reveals different trends between recovery and NPV (figure 5). Better recoveries are possible with scenario 2 but scenario 1 has better NPV distributions. The NPV distribution for scenario 1 is narrower in spread and has higher values indicating less risk, while the recovery is higher for scenario 2 and the NPV distribution is lower in value. Scenario 3 has the most number of wells and maximum injection, while scenario 1 had the least number of wells and no injection. Recovery is improved by some injection but the increasing cost reduces the NPV. The variation in the NPV and the recovery (figures 5, 6) is caused by the uncertainties and their interactions. The uncertainty in the initial mobile oil in place is solely because of the uncertain state variables ( figure 7) . Figure 7 shows From an analysis of the results of the Monte Carlo simulation one can 1) identify key parameters that control the variability in the objective, 2) determine the value of reducing the uncertainty around uncertain parameters 3) refine the development plan such that the risk of not meeting the objectives is reduced. For example, when the well configuration chosen is Scenario1 or Scenario2, the NPV distribution is very similar whether the fluid PVT is PVT1 or PVT2 (figure 10). The uncertainty in the fluid PVT is not adding to the uncertainty in the NPV. Consequently, resolving the uncertainty about the fluid PVT will not reduce the spread in the NPV in this case. objective, set constraints, formulate relationships between decision variables, and compute the misfit functions.
Scenario and Monte Carlo analyses reveal many aspects of the interrelationships of the decision variables to the state parameters. Experimental design can be used to reduce the number of simulations required 7, 11 . The 480 iterations used in this work are too small to span all the combinations of scenarios and to span adequately the number and ranges of uncertainties encountered. Experimental Compared to the sensitivity runs and the high resolution runs, the Monte Carlo simulations capture the uncertainty in the objective better (figures 11, 12) . Though the iterations with the high resolution more accurately model the flow of fluids through the reservoir, large uncertainty ranges, seen here from the Monte Carlo simulations, mean that a few iterations with fine resolution models will not be sufficient ( figure 11) . From a comparison between the iterations in the Monte Carlo where well configuration Scenario3 was not chosen and the sensitivity runs, it is clear that sensitivity runs have overestimated the possible recovery and the NPV ( figure 12 ). The range of recovery and NPV in the Monte Carlo will only increase if well configuration Scenario3 is also considered (figure 5).
In this particular example, in order to refine the NPV distributions, the next step in the analysis might be to reevaluate the well plan scenarios, the injector locations and scheduling as oil production clearly increases with injection. Reducing uncertainty in the relative permeabilities and fault transmissibilities also might help reduce the uncertainty in the NPV. Consequently, drilling the next appraisal well close to a fault and obtaining core samples could help reduce the uncertainty in the NPV.
Discussion
In this paper, a process for case management and scenario analysis has been presented for E&P planning decisions under uncertainty. There are a number of possible extensions to this work that could make the process more flexible. These include optimization, experimental design, ranking, more flexible scaling of the model resolution, and distributed computing.
Monte Carlo and scenario analysis provides for integration of uncertainties with decision variables. Optimizers could be utilized to assist in deciding values of decision variables 9, 10 . However, practical optimization solutions and formulations are a challenge. There should be an easy method to state the design could be used to reduce the number of simulations and thus the time needed for a decision analysis, but it can require a considerable number of simulations up front followed by extensive analysis 7, 11 .
In this work, only a few geocellular model realizations were used for each fault scenario. Many more are needed to properly span the uncertainty space. Thus, a method and tool to rank the realizations is needed 12.
Using a full-physics flow simulator takes more computer time than simplified models, but it has many other advantages in addition to preserving technical rigor.
As the understanding of the decision choices and uncertainties changes during a project study, depending on the problem at hand, a full physics simulator can be scaled flexibly -from material balance like resolutions (~ 10 gridblocks) to high resolutions (~ 10 5 gridblocks) (figure 13). The process described here would benefit from a very flexible, automatic upscaling system that would enable use of any resolution desired at any point in a study.
Many times, as in the example, it is more important to span the range of variability, in the uncertain parameters and the decision alternatives, with multiple runs. Coarser resolution models that execute faster will enable this (table 2). Multiple executions with coarser models are better than executing just a few sensitivity runs on higher resolution models. Figure 11 clearly shows that the production estimated from the high resolution model is well within the range spanned by the coarse model but does not come close to illuminating the true range of uncertainty. Gorell and Basett 6 noted that the variation caused by uncertainties was much greater than the upscaling error. Limited sensitivity runs on coarse resolution models also do not sufficiently resolve the uncertainty ( figure 12 ).
High-resolution simulation models are needed in many circumstances, but lower resolution models with an Landmark Technical Review 29 l integrated system are often sufficient. As Gorell and Bassett point out, "Scalability should be a natural outgrowth of the progression of an asset through the oil field life cycle" 6 and the extent of the need for higher resolution should determine the scale of the model used at that point of the study.
New distributed computing technologies can greatly increase the number of flow simulations that can be run in a given period of time. 13 Figure 13 shows that by using even a small number of computers on demand, one could evaluate thousands of Monte Carlo iterations at moderate resolution (~ 10 4 gridblocks) and many hundreds at higher resolution.
Though the example considered in this paper involved a "new" development, integration with the flow simulator enables using historical production data. As new wells are drilled, and wells go on production, new information about the components of the value chain is continuously obtained. This data might resolve, or at times, even increase the uncertainty the asset team originally assumed about those components. The system described here can be used to incorporate the new information and reevaluate the choices in decision variables. Use of the new distributed technologies 13 will even enable realtime integration of this information.
Response surface modeling has been proposed and used as fast surrogates to full physics simulation.
3, 4, 7, 11 White and Royer list different reservoir engineering studies that have used experimental design and response surface modeling. 7 However use of response surfaces (which are multivariate functions), requires detailed understanding and a degree of confidence that all the variables have been included such that interpolation and extrapolation with the function does not introduce new errors. Many simulations must be run across the parameter space, and then the multivariate surface must be fit. 7, 10, 11 The process requires specialists in response surface modeling, experimental design, and multivariate analysis. Techniques from response surface modeling for identifying and estimating important effects and interactions can be used with the technically richer integrated workflows and will prove very valuable for analysis.
An area of potential use of the results presented here is for project portfolio analysis. Erdogan et al. 14 show that the probability distributions and risk profiles of the NPV generated by the analysis described here are valuable input to optimizing a portfolio of projects that recognize the true project risks.
Finally, Table 1 , while fairly representative of the different uncertainties and decision variables present in the development of an asset, is by no means a complete list. Each asset has a different set of uncertainties. The controllable parameters also vary from asset to asset and change as the asset matures. 
Conclusions
I A system has been described for analyzing multiple scenarios and uncertainties through the entire E&P value chain. The system enables fast analysis of how an objective is affected by parameter uncertainties and decision choices. I The system provides for the inclusion of fully rigorous geologic models, flow simulation models, well planning models, well production scheduling, surface networks, and economics. It combines some semi-automated processing, e.g. well planning and property modeling, with automated case generation, scenario evaluations, and flow simulation. I Fidelity to technical rigor is preserved through full-field flow simulation with surface networks and full economic models. Thus, the need to trade off technical rigor with model simplification may not be as necessary as previously presented.
3, 4
I Model scalability and distributed computing should enable the case and scenario evaluation methodology to be much more practical and useful. I Scenario analysis with Monte Carlo should assist technical professionals to understand their project risks, as driven by underlying uncertainties. Uncertainties that have the greatest impact on project value are quickly illuminated and technical effort can be focussed and optimized
